The Pupil-mapping Exoplanet Coronagraphic Observer (PECO) medium-class mission concept is a 1.4-m space-based optical telescope with a high-performance Phase-Induced Amplitude Apodization (PIAA) coronagraph. PECO detects and characterizes exoplanets and their host systems at 2 λ/D (0.15") separation at high contrast (~1e-10). The optical design images in 16 filter bands from 400-800 nm, producing simultaneous low-resolution target spectra. PECO will characterize terrestrial planets in the habitable zones of ~20 nearby F, G, K stars at spectral resolution of R~15, as well as over a dozen radial-velocity planets and over a hundred gas giants and exozodiacal dust disks. We discuss PECO's expected science performance and simulated data products over its three-year mission lifetime.
INTRODUCTION
This paper describes the motivation behind the Pupil-Mapping Exoplanet Coronagraphic Observer (PECO) mission for direct imaging of exoplanets and their host systems and uses results from a detailed software simulation of the PIAA coronagraph to evaluate PECO's expected science performance over a three-year mission lifetime [1] .
PECO's role in exoplanet exploration
PECO's space-based telescope uses a high-performance coronagraph to efficiently block the parent star's light and directly image a diverse population of exoplanets and their host systems, with an emphasis on having sufficient sensitivity to detect and characterize Earth-like planets within the habitable zones of over a dozen nearby F, G, K stars (the Sun is a G2V star). Optical images of terrestrial exoplanets are important for evaluating habitability because they provide measurements of the albedo and absorption spectra from starlight reflected by the exoplanet. The albedo and absorption features in these spectra yield information about the planet's atmospheric composition and thermal structure. For example, features in the optical for Earth include ozone (O3), molecular oxygen (O2), and water (H2O) [2, 3] . Palle et al. (2009) show that even at coarse resolution, Rayleigh scattering, O2 and H2O features appear in Earth's reflected spectra [3] . Figure 1 shows that the Solar System giant planets are distinguishable using R~15 albedo data from [4] . Figure 1 . Albedo spectra from [4] at R = λ/Δλ = 5 (left) and R = 15 (right). For both, the Solar System gas giants (Jupiter, Saturn) are clearly distinguishable from the "ice" giants (Uranus, Neptune) and from Titan, a moon of Saturn with a dense nitrogen and methane atmosphere [5] . All planets are darker than Rayleigh (0.75) or Lambert (0.66) spheres.
Direct imaging of exoplanets using a space-based coronagraph complements and extends other methods of exoplanet detection and characterization. For example, a medium-class space-based coronagraph such as PECO will be able to perform follow-up characterizations of several nearby systems with planets already detected by the radial velocity method, such as 55 Cancri [6] , as well as follow up on existing and future detections made by photometric missions such as Kepler and CoRoT, and help constrain the exoplanet radii, orbits, compositions, and temperatures. PECO's Earthtrailing heliocentric orbit permits high contrast observations without atmospheric correction and with longer duration single-instrument integrations to build up the signal to noise ratio (SNR) than diurnal cycle limited ground-based observations. These benefits trade against the size, mass, and cost limitations of spacecraft launch vehicles. Although smaller than current and planned optical and near-infrared space telescopes, PECO's design is optimized for the detection and characterization of exoplanets, including terrestrial planets within the habitable zones of nearby stars. PECO's PIAA coronagraph has higher contrast and coronagraphic throughput and a smaller inner working angle (IWA) [7] than coronagraphs on other current or planned optical/near-infrared space telescopes (e.g., Hubble Space Telescope [8, 9, 10] , James Webb Space Telescope [11] ).
Terminology
Planet-star angular separations are discussed in terms of λ/D, the ratio of wavelength to primary diameter, as well as in terms of milliarcseconds (mas). The coronagraph's inner working angle (IWA) refers to the smallest planet-star separation possible at the contrast level desired for detection and characterization of the planet at the observed wavelength. Table 1 can be used as a quick reference for how IWA scales in terms of both λ/D and milliarcseconds as a function of λ for D = 1.4 m. The outer working angle (OWA) refers to the largest separation between the center and edge of the image. In this work, we consider PECO's science performance for an IWA of 2 λ/D. The simulations use an OWA of 20 λ/D, however, implementation of the PECO's design is expected to have OWA ~24 λ/D; the instrument OWA currently depends on the dimensions and number of actuators on the deformable mirrors (DMs) used for wavefront control [1] .
In this work, usage of the term "Earths" refers to 1 RE planets at a separation equivalent to 1 AU from their parent stars with albedo 0.2, and "Super-Earths" refers to 2 RE planets at a separation of 1 AU with albedo 0.2. "Jupiters" refers to 1 RJ planets at a separation of 5 AU with albedo 0.5. Planet-star separations are scaled to their Solar System equivalents based on the parent star's luminosity (see Table 3 ). The term "habitable zone" (HZ) in this work refers to the equivalent of 1 AU separation for the target system being discussed, unless noted otherwise.
In addition to planets, target star systems also have background contributions in the optical from their dust and debris disks, as does our own Solar System. The PECO simulations take the contribution of our local zodiacal dust into account as a function of ecliptic latitude and also assume the target systems have their own zodiacal dust distributions, exozodi, that are scaled with respect to that in our Solar System, 1 zodi with m V ~22 arcsec -2 [12, 16] .
Contrast rationale
The contrast required to image an exoplanet depends on the physical properties and orbital dynamics of the system, the instrumentation, and the background. A simple way of estimating the required contrast is to assume that the planet reflects its incident starlight equally in all directions, like a Lambertian sphere. As a function of planetary phase angle α, the contrast can be expressed as [13] :
Where A is the planet's Bond albedo, r radius, and a orbital distance. For an Earth-like planet at quadrature (α = π/2) orbiting a Sun-like star, A ~ 0.3, r = 6371 km, and a = 1.5e8 km, so the contrast ratio is ~1.15e-10. In general, planetary atmospheres are not perfect scatterers, orbital distances and inclinations vary, and as noted for Figure 1 , albedo is a function of wavelength and depends on the composition and structure of the planet's atmosphere. 
Overview of the PECO spacecraft and optical design
An Astrophysics Strategic Concept Mission Study (ASCMS), PECO is a medium-class 1.4-m diameter space-based coronagraphic telescope in the same type of stable heliocentric Earth-trailing orbit as that used by Spitzer and Kepler. The PIAA coronagraph achieves 1e-10 contrast at the second Airy ring (0.15" at 550 nm) by remapping the telescope pupil, as described in detail in [13, 14, 15] . The pupil remapping uses nearly all of the light coming into the aperture to achieve the full diffraction-limited resolution of the unvignetted aperture. The PIAA coronagraph has a theoretical throughput of ~90% excluding losses due to optical coatings [16] .
The design of PECO's science instrument takes full advantage of the high throughput and small IWA by simultaneously collecting all photons from 400 to 900 nm in 4 parallel coronagraph channels each with 4 sub-bands for a total of 16 science bands. After emerging from the beam compressor optics following the secondary mirror, dichroics split the light into four nearly identical channels, differing only in the physical size of the focal plane mask, the plate scale at the science detector, and the prescription of the pupil reimaging hyperbolas necessary to locate the pupil on one of the two deformable mirrors (DMs) which also serves as a fine-guidance mirror. A simplified diagram of the optical design is shown in Figure 2 and discussed in more detail in [1] .
The wavefront control subsystem in each of the four spectral channels consists of two DMs and a coronagraphic low order wavefront sensor (CLOWFS) for accurate measurement of pointing errors and low order aberrations [17] . The two DMs per channel provide the degrees of freedom needed to correct both phase and amplitude errors such that primary PIAA mirror manufacturing requirements are consistent with those already proven for existing space telescope optics [18] . A set of two aspheric mirrors and a conventional pupil apodizer are used in each channel to fully apodize the telescope beam. The DMs are placed upstream of the PIAA optics, allowing them to correct a "dark hole" high-contrast region out to a ~20 λ/D OWA, about 1.6 arcsec in the visible (see Table 1 ). An off-axis parabola focuses the apodized beam onto a coronagraph mask that blocks the central beam and reflects an annular beam extending to ~2 λ/D to the LOWFS camera. A simpler, lowerquality inverse PIAA system reverses the coma-like aberration in the beam to form a sharp image of the planet across the field [14, 19, 20] . Before reaching the detector, the beam is split into two linear polarizations by a Wollaston prism and four spectral channels with dichroics. There are thirty-two separate images formed on the detectors in all.
As discussed in more detail in Section 2, the three science requirements that drive PECO's instrument contrast, contrast stability, and spectral calibration requirements are: (i) detect an Earth-like planet having a contrast of 1e-10 with SNR > 4, (ii) measure spectral features of a Super-Earth that are 10% deep with SNR > 3, and (iii) measure relative flux at three widely separated wavelengths to 3%. The absolute calibration of scattered light in the dark hole to a level of 2.5e-11 is driven by (i); the integration time becomes prohibitive when the background is much brighter than the planet, requiring the instrument scatter level to be kept to 1e-10. Relative spectral calibration to SNR = 30 is required by both (ii) and (iii), which translates to a relative calibration across the bandpass of 1.3e-11 for Super-Earths having a contrast of 4e-10. The flow-down of these requirements to the instrument is based on the detailed modeling in [21] .
SCIENCE GOALS
PECO focuses on the characterization of exoplanets and their host systems. While this does include the goal of directly imaging and characterizing an Earth-like planet within the habitable zone of a nearby Sun-like star, PECO also addresses the important task of characterizing gas giants and radial-velocity targets as well as the debris disks and exozodiacal dust distributions of systems within its reach. The science goals lead to the detailed measurement and coronagraph requirements for PECO, which are described in more detail in [1, 22] . In this section, we briefly describe PECO's science goals, and in Section 3, we discuss the performance simulations that align these science goals with mission capabilities and resources. Section 4 discusses an initial design reference mission for PECO that combines the mission design framework and science goals with the results from the performance simulations. 
Terrestrial planets (Earths and Super-Earths)
One of PECO's primary goals is to be able to detect and characterize Earth-like planets within the habitable zones of nearby Sun-like stars. As discussed in Section 1.3, this would require a contrast ratio ~1e-10, with SNR > 5 satisfying the criteria for detection. At a distance of 10 pc, a Sun-like system with an Earth-like planet at 1 AU would have a separation of 100 mas. Table 1 shows that with D = 1.4 m, PECO's terrestrial candidate systems will likely be at distances < 10 pc, although the luminosity of the target star may increase this range (some cases may have a larger HZ separation). PECO's science goal is to detect Earths or Super-Earths with SNR > 4 at the equivalent of 1-1.8 AU from their parent stars at distances of 1.35 to 6 pc.
PECO's characterization goals are targeted toward a Solar System analog at 5 pc. More distant systems with larger terrestrial planets or larger HZs due to higher stellar luminosity will be detectable with a system designed for this 5 pc Solar-System analog scenario.
To characterize Earths and Super-Earths and to evaluate habitability, PECO has a goal of detecting H2O, O2, or O3 in their atmospheres. The primary bands in the visible are water vapor near 720 +/-20 nm and 825 +/-20 nm, oxygen at 760 +/-10 nm, and the ozone Chappuis band at 590 +/-50 nm. The ozone features in the Earth reflection spectra in [3] appear to occur in a region that also shows the effect of Rayleigh scattering. Detection of these absorption features is defined as the ability to measure the continuum with SNR = 30 and measure a 10% deep absorption feature at R~10-20 at SNR = 3.
Measurements of the continuum at multiple spectral intervals are important to characterize the albedo and colors of terrestrial planets. In conjunction with the habitability goal, PECO has a goal of measuring the continuum at the three spectral intervals; targeting the intervals between the H2O, O2, and O3 absorption features would be particularly useful.
PECO also has science goals to measure the brightness of a terrestrial planet at 10 pc in at least one bandpass to within 25% (more likely to happen at shorter wavelengths) and to constrain the positions and orbits of detected terrestrial planets within the HZs of their parent stars. In addition to making multiple brightness measurements of the detected planet, the position goal is to constrain the planet's position to within about 30 mas (equivalent to 0.3 AU for a system at 10 pc).
Radial Velocity Follow-up
The majority of the more than 300 exoplanets detected with the radial velocity (RV) method to date [23] are at relatively small angular separations from their parent stars from the perspective of a medium-class coronagraphy mission. Figure 3 shows the baker's dozen of RV exoplanets with separations greater than 150 mas. As radial-velocity methods become more sensitive, detections of lower-mass planets at larger separations will increase.
A direct imaging mission provides valuable follow-up on these RV exoplanets, without spending additional mission time in the search and detect phase. Multiple direct imaging observations that are well-separated will constrain both orbits and masses by providing the inclination such that the masses can be decoupled from the radial velocity Msini measurement. As RV technology continues to develop, using PECO to directly image RV exoplanets aligns well with the goal of directly imaging terrestrial exoplanets in the HZ of their parent star (e.g., as HARPS upgrades, and laser comb calibration comes online for RV measurements [24] ). Figure 3 show that the Msini of the RV exoplanets that PECO can detect are on the order of the mass of Jupiter. Their characterization would provide a useful benchmark for the detection and characterization of other extrasolar giant planets (EGPs). PECO therefore has a science goal of characterizing the spectral features of at least 5 of the known RV extrasolar giant planets. Section 2.3 discusses the details of this requirement in context with the other EGP science goals. 
Data in

Extrasolar Giant Planets
Detection and characterization of EGPs requires a contrast ratio of ~1e-9, from Equation 1 with A = 0.5, r = 7.5e8 km (5 AU), and a = 7.15e4 km (1 RJ). PECO's ~20 λ/D OWA with a 1.4-m primary aperture allows detection of a 1 RJ gas giant at a separation of 5 AU from a Sun-like star at distances greater than about 3 pc. Note that the AU-equivalent separation also depends on stellar luminosity, so a less luminous parent star's 5 AU equivalent may be detectable at a closer distance than 3 pc. An EGP with 1 RJ at the equivalent of a 5 AU separation from a Sun-like star should be detectable out to 20 pc, with EGPs at greater separations detectable at even further distances. Detection for EGPs is defined as SNR > 5 for the measurements between 3 and 20 pc.
Considering the large range of distances and the fact that integration times are shorter for larger, brighter objects like EGPs compared with terrestrial planets, the number of EGP candidate systems observed may be limited by mission overhead time constraints even with sequential pointing optimization. For example, observations may be limited by the time required to point and thermally and dynamically settle the spacecraft telescope. The EGP detection goal for PECO is to search long enough to achieve SNR > 5 around 100-200 systems.
Characterization of EGPs in terms of colors requires multiple precise broadband (R~5) measurements over the spectral range. Absorption features of interest include CH4 and H2O [4] , with CH4 bands near 650, 728, 792, and 862 nm and H2O at 830 nm. PECO's science goal is to characterize the 650 nm methane band (20% deep and R~20 wide) and the 830 nm water band of a Solar System analog Jupiter at 10 pc with SNR = 6, which also requires continuum measurements with SNR = 30.
Debris Disks and Exozodiacal Dust
Disks of circumstellar material are both precursors and outcomes of the process of planet formation. They have an important role in PECO's characterization of exoplanets and their host systems, as they are both a background signal in exoplanet detection attempts as well as a rich dataset in their own right. Hundreds of Sun-like stars show excess infrared emission due to circumstellar dust and debris disks. Results from Spitzer suggest that many stars have debris disks similar to our own solar system [25] . However, observations of most of these systems remain spatially unresolved and undetected in scattered light [26] .
Long wavelength spectral energy distributions are used to derive dust temperatures and covering fractions, but in order to improve the estimated locations of these thermally emissive orbiting dust grains, more information about the dust Colors: measure flux in 2 bands with R~5 and 20% photometric precision.
Orbits: constrain projected position to 30 mas (0.3 AU at 10 pc).
At 3-20 pc, detect (SNR > 5) EGPs at the equivalent of 3 AU.
Search 100-200 stars for EGPs.
At 10 pc, measure the colors of EGPs.
Characterize > 5 RV EGPs.
Measure absolute brightness of a Jupiter with 10% photometric precision in > 1 band.
Measure relative brightness of a Jupiter in > 3 bands with R~5 and 5% photometric precision.
Detect CH4 in a Jupiter (at 650 nm with SNR = 6).
Measure continuum flux between CH4 absorption bands (three spaced intervals) with SNR = 30.
Detect H2O in a Jupiter at 830 nm (20% deep) with SNR = 6 (continuum SNR = 30). At 1.3 pc, image disks out to ~2 AU.
At 6 pc, image disks in to ~1 AU.
Detect spatially resolved 1 zodi disks around 5 nearby stars (detect = 5 times noise spatially integrated over field in R~5 channel at 550 nm).
Detect spatially resolved 5 zodi disks around 20 nearby stars (detect = 10 times noise spatially integrated over field in R~5 channel at 550 nm).
Characterize and constrain optical, physical and compositional properties.
Take R~5 data across the full band.
Polarimetric precision s-P = 0.5% and s-q = 5° per resolution element for sources with intrinsic polarization fractions > 0.01. morphology and properties of the particles is needed [27] . Spatially resolved scattered light images of disks with polarization information, combined with spectral energy distributions (e.g. from IRAS, Spitzer, and JWST), will constrain the composition, mass, and physical properties of the dust particles [28] . This will in turn yield information on systemic dust mass-loss rates and rates of dust production during epochs of planet formation and dynamical evolution.
The required contrast ratio of ~1e-9 for EGPs supports PECO's debris disk science goal of measuring 1 zodi Solar-System analog disks at distances of at least ~10 pc [7] . Combined with the small IWA, observations with PECO will effectively probe the innermost regions of dust disks to resolve small-scale structures, such as rings, bands, gaps, photocentric offsets, brightness asymmetries, spirality, and non-coplanar features. These structures also provide information about dynamical evolution and the presence of planets, a relationship notably demonstrated around Fomalhaut [29, 30] and modeled for the case of terrestrial planets by [31] and others.
The science goal of measuring 1 zodi disks around 5 nearby stars, and 5 zodi disks around 20 nearby stars as close in as a 1 AU equivalent HZ for systems at a distance of ~6 pc requires an IWA of ~167 mas. Resolving small-scale inner disk structures is consistent with the terrestrial planet science goals. Disk imaging with an OWA ~ 20 λ/D extends out to ~2 AU at 1.3 pc, ~8 AU at 5 pc, and ~16 AU at 10 pc, and ~32 AU at 20 pc. The EGP science goals are consistent with imaging disk structure out to 20 pc.
SIMULATED PERFORMANCE
This section describes several simulations to evaluate the science performance of PECO's medium-class mission design using the high-contrast and small-IWA PIAA coronagraph. For these studies, we have adapted the high-fidelity simulation code described in [7, 16] to the PECO mission design and parameters, described in Table 3 .
Target star list
The 18,418 candidate target systems used in this work are stars within 100 pc from the Hipparcos catalog. Effective temperatures and bolometric luminosities were used [16] to restrict the list to F, G, K, types and eliminate giants. Candidates listed as sub-arcsecond binaries were also removed; the effect of a close binary companion on observations depends on a number of system specifics that require individual consideration, such as companion magnitude, maximum separation during the scheduled mission with respect to IWA and OWA, etc. The simulation uses the angular size information from the target star list the to calculate the residual scattered starlight for each system.
Simulation description
The PIAA simulations include an inverse PIAA with reimaging optics as described in Section 1.4. The simulation parameters used here are listed in Table 3 , and can be compared with previous work in [7, 16] . The simulations were Time to reach desired SNR with 20% detection probability (t20)
As defined in Section 3.2 and [7, 16] , planet detection SNR is computed at each point along the planet's orbit; the fraction of points over the orbit that achieve desired SNR yields detection probability [32, 33] The simulations take into account residual starlight as a function of target stellar radius, the local zodiacal light as a function of ecliptic latitude, the exozodiacal light (1 zodi equivalent unless noted otherwise), the simulated planet flux, and the coronagraphic throughput. The sampling is of a square grid of points at 0.2 λ/D in two orthogonal directions, which gives over 30,000 PSFs in the 20 λ/D radius field of view [16] . Binning of the simulation output to PECO's resolution is a post-processing step. Output images from the simulations are consistent with the PECO architecture (~38 mas per pixel at 550 nm) unless otherwise noted. Table 7 The integration time metric we use to evaluate science performance in this work, sometimes referred to as t20, is a function of planet detection probability and SNR. The SNR is calculated as described in [7, 16] , using the photon noise (from the planet, star, zodiacal, and exozodiacal contributions) and the signal (the planet contribution) from all pixels of the detector. The planet detection SNR is obtained by the quadratic sum of the pixel SNRs. The PECO mission design assumes multiple visits of targets for both detection and characterization. The integration time metric used here is therefore not geared toward single-visit completeness. SNR is computed at 100 points along the planet's complete orbit, capturing variation with planetary phase and geometry [16] . The fraction of points that achieve the desired SNR yield the detection probability. The integration time metric used here is the single-exposure integration time required to reach a 20% probability of detection at the desired SNR (e.g., SNR = 5). With a revisit strategy of 10 visits per target using this integration time, the probability of detection is 90%.
Results: Earths and Super-Earths
The challenges for PECO as a medium-class mission are the science goals of detecting and characterizing terrestrial planets around nearby stars, although they are not the sole focus of the mission. We focus on what kind of terrestrial science performance we can expect from PECO given that the 1.4-m diameter telescope sets the 2λ/D IWA, as described in Table 1 . PECO's science goals with respect to terrestrial planets as described in Table 2 are to detect and characterize any planets that may exist around an F, G, K system within the 6 pc neighborhood, and to perform a more broad-based color and orbit classification out to 10 pc. Table 4 and lower panels to Table 5 . Upper panels show number of Earths (left) and Super-Earths (right) with integration times < 12 hours to achieve SNR > 5. Lower panels show number of Earths and Super-Earths with integration times < 30 hours to achieve SNR > 30. General simulation parameters are described in Table 3 .
It is instructive to consider PECO's capability with a 2 λ/D IWA and D = 1.4 m in context with the performance of the PIAA coronagraph for larger-class missions. Figure 4 shows the number of terrestrial planets (Earths and Super-Earths) that can be detected with a PIAA coronagraph in less than 12 hrs (with SNR > 5) and characterized in less than 30 hrs (with SNR > 30) for diameters up to D = 4 m. These data are also shown as a function of wavelength, with values in Table 4 and Table 5 .
The rationale behind the choice of 12 hours for a detection time is based upon spending a reasonable amount of time observing a system after taking the time to slew, point, acquire, and settle the spacecraft to take the measurement. Similarly, the choice of 30 hours for characterization is based on spending a longer amount of time building up SNR observing a system before having to perform spacecraft station-keeping tasks, such as momentum dumps, adjustments for solar power, or data downlinks. Both higher and lower SNR observations will consist of several smaller blocks of integrations on the order of seconds. Figure 4 shows that the number of targets increases significantly with larger D, as expected. It also shows in detail the dependence on wavelength through PECO's range in the optical. Each simulation was performed for a 20% bandwidth. Figure  5 shows additional detail of the D=1.5 m case from Figure 4 vs. maximum elongation of the target planet. The four targets requiring the shortest integration times are Alpha Centauri A, Alpha Centauri B, Tau Ceti, and Epsilon Eridani.
Additional information on the target systems that satisfy the criteria in these plots can be found in [22] along with detailed lists in [35] . The simulations show that PECO's terrestrial planet science goals are reasonable for a definition of terrestrial planets that includes both Earths and Super-Earths. 
Results: Radial Velocity
As shown in Figure 3 , there are over a dozen currently known RV planets in the existing target list used for these PECO simulations. There are also a few others that were not already included in the target star list. Table 6 shows results from an oversimplified simulation for the already-included RV target systems as a starting point for evaluation. The simulation uses 1 RJ at 2 AU with 1 zodi of exozodiacal dust at 550 nm instead of using the estimated separations and radii of the RV planets. In most cases, the separation and radius assumption we used is conservative from the detection and characterization point of view [22] while the exozodiacal dust assumption is optimistic. Figure 7 shows the results of a PECO simulation with parameters that correspond to planet d in the 55 Cancri system (at 12.5 pc). Planet d is the largest and most widely separated (Msini = 3.835 MJ, 5.77 AU) of five detected in the system using the radial velocity method [6] . Exozodiacal dust at levels of 1 zodi (like our Solar System), 5 zodi, and 50 zodi are shown with default system inclination of 60° in Figure 7 . Images are at 550 nm for a 1 RJ planet at 5.77 AU with other parameters as in Table 3 . The scale of the images is ~12 mas/pixel. The planet is still visible with 5 zodi for a 22-hour integration, and somewhat less visible with 50 zodi. Figure 6 shows a more detailed comparison of SNR versus exozodiacal level for the 55 Cancri d case. Discussion of the effect of exozodiacal light on exposure time for the general case is treated in [6] .
The simulation results shown in Table 6 as well as Figure 6 and Figure 7 support PECO's science goal of detecting and characterizing > 5 previously-detected RV planets. The simulation results encourage attempts to detect and characterize all of the RV planets listed here as well as any others within PECO's IWA range.
Results: Jupiters and gas giants
Simulations performed for Jupiters (1 RJ at 5 AU) yield over 140 systems for which SNR > 5 is achieved in less than 12 hours (t20) and over 45 systems out to ~20 pc can be characterized with SNR > 30 in less than 30 hours [35] . These simulations support PECO's science goals of EGP characterization out to 10 pc. Figure 8 shows simulated images from PECO for three different planet types around Tau Ceti as a function of wavelength. The images show a ten-hour integration with coronagraphic throughput and photon noise (inclusion of the 0.45 optical throughput would proportionally scale the integration time). The image resolution is similar to that expected from PECO.
Results: Exozodiacal dust disks
The ability to detect and/or characterize gas giants at separations of 2 AU and 5 AU (Section 3.4 and Section 3.5) also addresses the nonpolarimetric PECO science goals for exozodiacal dust disks. shows the result of an example simulation of how PECO might image the inner ring around Epsilon Eridani. Figure 10 shows two simulations with 10 zodi disks, one of a Jupiter and an Earth around the Sun at 10 pc (upper panels) and one of an Earth and a Super-Earth around Alpha Centauri A (lower panels).
SUMMARY
Design Reference Mission
The science goals, simulation results, three-year nominal mission duration, and the spacecraft orbit and observational constraints contributed to an initial version of a PECO Design Reference Mission (DRM) [35] . Additional details on science rationale, spacecraft and instrument design, and simulation results can be found in [1, 22, 35] . The number of visits per target for the Grand Tour targets is consistent with the use of the t20 integration time metric in the simulations. The number of visits per target for the RV planets is smaller given that there is previously known information about each of the systems. The Snapshot Survey focuses on a larger number of systems to detect and characterize the gas giants and exozodiacal disk structure; the information learned from these observations would greatly aid future searches for planets in these systems. Additional time is allocated for high-SNR characterization of a subset of the Grand Tour targets (using an optimistic 25% detection rate) and all of the RV targets.
The DRM in Table 8 includes overhead time in addition to integration time with overhead time equal to 50% of the integration time. The overhead time is based on estimates of time necessary for spacecraft operations: periodic data downlinks to Earth, slewing and thermal/dynamic settling of the spacecraft, target acquisition from star tracker to coarse target acquisition to fine target acquisition and continuous feedback-loop pointing with the LOWFS, and periodic Table 7 ). momentum dumps from the reaction wheels. Results of initial Monte Carlo simulations to evaluate scheduling using the spacecraft pointing constraints indicate that the DRM tasks are achievable within the 3-year mission [35] .
Future work
Additional studies suggested by this work include simulations of the effects of direct imaging of binary or multiple systems, as well as simulations that analyze performance for all known RV planets with their estimated system parameters. Defining a standard interface between exoplanet data archives and a direct imaging simulation tool would be useful, particularly if it incorporates known information about target circumstellar dust and debris disk distributions. A technology development plan for PECO is also outlined in [1] . 
